We examine the metallicity distribution within and between galaxies and hence determine their present day mean abundance. Adding in components for inter-galactic gas we arrive at an estimate of the mean metal abundance of the universe. We nd the pleasantly Copernican result that the overall mean abundance is close to solar. We then discuss the evolution with time of this quantity, using simpli ed, but general, models of galactic chemical evolution. The variation of the total metal content of the universe with epoch turns out to be constrained within fairly well de ned limits for plausible variations in the global mean star formation rate. However, what would be observed at any given redshift depends critically on which regions of galaxies are being sampled and on the formation histories of these particular regions. Finally, we investigate the joint constraints provided by current observations of the evolution of the metallicity and gas content of the universe, as measured by QSO damped Lyman absorbers. We note a generic inconsistency in global models and introduce a more realistic model, with di erent evolution for di erent galaxy types, which can overcome this di culty. Current chemical evidence does not require that the global average star formation rate in the universe should have decreased by a large factor since galaxy formation began.
Introduction
The chemical evolution of galaxies and thence the universe is closely tied to the overall evolution of the galaxy population via the star formation history. For instance Cowie (1988; see also Gardner 1995) and Blain & Longair (1993) have emphasised the connection between the total amount of metals formed and, respectively, the surface density of faint blue (star forming) galaxies and millimetre sources. Similarly, Lanzetta, Wolfe & Turnshek (1995) , amongst others, have discussed the metallicity of, and gas mass contained in, the damped Lyman absorption systems seen in QSO spectra.
As a further step towards quantifying the global chemical evolution of the universe, we consider rst in the present paper the mean abundance of heavy elements seen in the present day universe, both in galaxies and in inter-galactic gas (see sections 2 and 3). We de ne this mean abundance as the total mass density of metals divided by the total baryon density. This is clearly the most fundamental measure of the integrated chemical evolution which has occured to date in the universe, though it may not correspond most directly to observational measurements. For instance, the`mean' metallicity seen in a population of QSO absorption line systems (eg. Pettini et al. 1994 ) will measure the metallicity of gas rich galaxies (only) weighted by their cross-sectional areas. This area weighted gas phase mean metallicity and its evolution were considered in full in Paper I of this series (Phillipps & Edmunds 1996) . We will use many of the precepts from Paper I in the current work, and the reader is directed there for further details. In section 4 we then go on to consider theoretical models for the evolution of this mean metallicity in a range of simpli ed, but general, models of the star formation history of galaxies, showing how gas consumption and metallicity evolution are linked. Section 5 presents some conclusions.
Modelling the Galaxy Metallicity Distribution
Following the same lines of argument as in Paper I, the quantity we wish to determine this time is the mass weighted mean metallicity of the universe, that is the fraction of the total baryon content of the universe which is in the form of heavy elements. 1 We need to take into account a number of di erent components, viz. stars and gas in various types of galaxy and gas outside galaxies. Furthermore we need to allow for variations in metallicity across galaxies. In what follows we will adopt the same notation as in Paper I. We assume that the luminosity function can be approximated by a simple power law N(L) / L (between given maximum and minimum L) and that radii and metallicities also vary as powers of L, R / L t and Z / L k . In cases where radial metallicity gradients are relevant we will assume that metallicity varies with local surface density as Z / x . Finally we will write (M=L) for the mean stellar mass to light ratio of a galaxy or galaxy population.
Dwarf Irregular Galaxies
As in Paper I, we assume that low luminosity gas rich galaxies present no abundance gradients with galactocentric distance (eg. Roy et al. 1996 ) but do follow a metallicity -luminosity (L -Z) relation (Skillman, Kennicutt & Hodge 1989; McGaugh 1994; Richer & McCall 1995) . We will denote the metallicity of the most luminous dwarfs, ie. those at the dwarf/giant borderline at M B = ?17:5, 2 by Z 0 and their luminosity by L 0 . Consider rst the gas in these galaxies. For this component, if the gas contributes a fraction f of the total mass (of stars and gas), the mass weighted mean metallicity is evidently <Z(dI; g) Note that throughout we use Z to represent metallicity and z for redshift. 2 We assume here H0 = 50 km s ?1 Mpc ?1 .
The numerator in this expression is the mass of metals (in the gas) and the denominator is the total mass of gas in this population. We assume that (M=L) is xed (ie. similar stellar populations independent of L), and take the same power law dependencies as in Paper I, = ?1:5, k = 0:5. If we take a simple closed box model (which should be a su ciently good approximation in the current context), Z = ?p ln f, where p is the yield (Pagel & Patchett 1975 Although the denominator formally diverges at low L or Z, it is still fairly insensitive to the lower limit over sensible ranges of interest. For a lower luminosity limit at 10 ?2 L 0 (ie. M B = ?12:5) or Z min = 0:1Z 0 , we obtain < Z(dI; g) >' 0:42Z 0 . If we changed the lower limit to more extreme values this would decrease somewhat, but we would be invoking lower metallicities than are known to exist in real present day galaxies. If we take Z 0 to correspond, in the usual notation, to 12 + log(O=H) = 8:2 3 (Skillman et al. 1989) , we thus obtain a mean for the gas in dIs of 12 + log(O=H) ' 7:8. (A numerical integration of the original equation con rms the accuracy of our approximations). Note that the classic unevolved galaxy IZw18 has a metallicity around a ftieth of solar, which corresponds to Z 0 =10, justifying our above limit. Notice, too, that even with an extrapolation to very low L and Z, < Z > is still within a factor 3 of the upper limit, Z 0 . For this reason, even if there were a small non-zero initial metallicity prior to the formation of the current generations of stars this would not noticeably a ect the mean value. (The same was found to be the case for the area weighted mean of Paper I). Now consider the stars in a dI galaxy with current gas fraction f. This time
The mass weighted mean metallicity of the stars (again for a closed box model) is related to the metallicity in the gas via
Z tends to the yield p as all the gas is exhausted (Searle & Sargent 1972 , Pagel & Patchett 1975 4(Z 0 ? Z min ) ' 0:25(Z 0 + Z min ) or 12 + log(O=H) ' 7:6. Including more terms in the expansion moves this closer to 7.7. Notice that this is not signi cantly lower than the mean metallicity for the gas, even though in any individual galaxy Z < Z g , because the stellar metallicity is weighted more towards the larger galaxies with larger Z.
Dwarf Elliptical Galaxies
Next consider the dwarf ellipticals (including also the dwarf spheroidals, their extension to even lower L). As with dIs, we assume no radial metallicity gradients, though this time, of course, we are referring to the stellar component. This is supported by the observations of Kormendy & Djorgovski (1989) who found no systematic colour gradients in fainter ellipticals and Cellone, Forte & Geisler (1994) who obtained the same result for low surface brightness dEs. The dEs also follow a very similar luminosity -metallicity relation to dIs, but displaced upwards by about 0.5 dex (see Richer & McCall 1995) . We thus take 12 + log(O=H) = 8:7 at our ducial upper boundary M B = ?17:5. In this case we can use the simpler calculation
since all the mass is in stars (ie. M = L (M=L) with an assumed constant (M=L) ). Again taking our standard power laws, and taking, without loss of accuracy, the lower limit to be zero, we have simply <Z(dE)>= 0:5Z 0 :
This corresponds to 12 + log(O=H) = 8:4. Raising the lower limit to M B = ?12:5, as before, only a ects this at the 0.05 dex level.
One common interpretation for the variation seen in the metallicity is that dEs lose their remaining gas at some point through the action of galactic winds. This terminates the star formation prematurely and prevents them from reaching the asymptotic (zero gas fraction) metallicity Z = p (see, eg., Vader 1986 ). For dEs in clusters this gas will be counted in the intra-cluster medium (see section 2.5; cf. Trentham 1994) . However, for those outside rich clusters the gas is presumably lost to inter-galactic space. We should therefore include it separately in the calculation of the overall metallicity of the universe (though not strictly in that of galaxies). We then have an extra component much like that calculated for the gas in dIs, but now we need to calculate Z g and f from Z rather than the other way around.
If we assume closed box evolution prior to the nal gas removal, then the mass lost is M f=(1 ? f). The mean metallicity of this "lost" component will be
As before, f and Z g are related to Z through For the lower limit considered before, L min = 10 ?2 L 0 (Z min = 0:1Z 0 ), this gives <Z(dE; lost)>= 0:84Z 0 , or 12 + log(O=H) = 8:6. For the same reasons as for dIs, this is close to the value for the stars which remain in the dEs.
Giant Ellipticals
The systematics of abundance gradients in giant ellipticals remain somewhat obscure. Colour gradients undoubtedly exist in some cases but not in others (see Kormendy & Djorgovski 1989 We take an upper luminosity limit at L max = L or M B = ?21, the point where the luminosity function (LF) starts to cut o sharply. This corresponds to Z max = 5Z 0 , where Z 0 is the metallicity at the boundary between giants and dwarfs, as before. We then have < Z(gE) >= 3:4Z 0 , equivalent to 12 + log(O=H) ' 9:2. If in fact the measured metallicities refer only to the central regions, say inside the half light radius, then the maximum e ect a gradient can have is a factor 2 , ie. at most a 0.3 dex change. This obviously occurs only in the case where we see all the metals but only half the light. Thus a reasonable approximation should be 12 + log(O=H) = 9:1 for the mass weighted mean. We assume that any gas lost from giant ellipticals, which occur almost entirely in clusters, goes into the intra-cluster gas (see section 2.5).
Aside on Elliptical Galaxy Gradients
For completeness it is of interest to see how the mass weighted mean metallicity does behave as a function of any metallicity gradient that is present. In general, the mean metallicity in a particular galaxy with central surface brightness (0), central metallicity Z(0) and metallicity gradient log Z= log = x will be (1 + x) 8 :
In the case x ' 0:2, for example, this reduces <Z > by a factor 4 compared to the central value, independent of the Z(0) or (0) values themselves. From the observed colour variations across ellipticals, and using the models of Arimoto & Yoshii (1987) to translate to metallicities, we expect at most log Z = 0:5. This will apply across a range of, say, 5 magnitudes in surface brightness, or log = 2. Thus we expect log Z= log 0:25. This agrees closely with the data displayed by Fisher, Franx & Illingworth (1995) if we use the change in surface brightness implied by their range in radial distance.
Giant Spirals
We will assume that the radial variation of mass surface density in a spiral disc (dominated by the stellar component) can be tted by an exponential law (Freeman 1970; Kent 1985) , (r) = (0)e ?r=a . Here a is the scale length of the stellar component. We further assume that the gas density also follows an exponential law, but with a scale length, a g , which may di er from that of the stars (eg. Broeils & van Woerden 1994) , g (r) = g (0)e ?r=ag .
If we adopt the power law relation Z / x , as in Paper I (see eg. Vila-Costas & Edmunds 1992), then the surface density of metals in stars will be Z = (0)e ?r=a Z (0)e ?x r=a = (0)Z (0)e ?(1+x )r=a :
Again the subscripts and g on the exponent x refer to the gradients in the stellar and gas metallicities, respectively. Simply integrating these relations for the surface densities implies a total mass of stars 2 (0) The scale length for the gas distribution probably slightly exceeds (perhaps by 20%) that of the stars in most spirals, ie. there is a larger gas fraction in the outer parts. The gradient in the gas metallicity has x g ' 0:5 (see Paper I), so the ratio of mean to central gas metallicities will be < Z g > =Z g (0) ' 1=1:6 2 or about 0.4. For the stars, the gradient is probably shallower, say x ' 0:4 (eg. Lacey & Fall 1985) , so we might estimate < Z > =Z (0) ' 1=1:4 2 or around 0.5. Both of these are independent of the central metallicities and stellar scale lengths themselves.
In either case, then, we can calculate the mean metallicity for spirals in a similar way to the dwarfs (which had no gradients), simply by folding in the extra factor 0.4 or 0.5. We assume that (M g =L) is approximately constant, or at least independent of L among giant spirals (see eg. Young & Knezek 1989) .
Thus for the gas
and for the stars
Starting with the gas, if we assume the same power laws as in Paper I, we have a giant spiral
. Thus for a power t = 0:4 (eg. Holmberg 1975; see also Bartelmann & Loeb 1996) 
. We then have simply < Z(S; g) > ' (0:4=1:1)Z max;g ' 0:36Z max;g , where Z max;g is the central (gas phase) metallicity of an L galaxy (at which point we assume our LF cuts o ). We take Z max;g at 12+log(O=H) = 9:3 as in Paper I (see eg. Vila-Costas & Edmunds 1992), so < Z(S; g)> corresponds to 12 + log(O=H) ' 8:9. The corresponding result for the stars, which we take to have Z (0) / (0) 0:4 as above, is < Z(S; ) > ' (0:5=1:08)Z max; ' 0:46Z max; , where Z max; is the central stellar metallicity of an L galaxy. We assume that this is slightly less than the gas metallicity at the same point (see eg. Lacey & Fall 1985) so take Z max; to correspond to 12 + log(O=H) = 9:2. This then implies a mean for the stellar component of 12 + log(O=H) ' 8:9, the same as the gas.
Intra-Cluster Gas
A signi cant fraction of the baryonic mass of large galaxy clusters lies in their interglactic or intra-cluster gas (eg. David et al. 1990; . Using the observational values of masses as summarised by Persic & Salucci (1992) , the overall contribution to b , the baryon content of the universe, from intra-cluster gas is about half of that contributed by giant elliptical galaxies (in general, not just those in rich clusters).
Many groups have derived metallicities for the intra-cluster gas in rich clusters . Most nd values to be half solar or less, generally in the range from 0.2 to 0.5 times solar (eg. Rothen ug & Arnaud 1985; Arnaud et al. 1992 ). Following Arnaud et al. we take the mean to be 0.35 times solar, or 12 + log(O=H) = 8:4.
The Overall Present Day Mean Metallicity
Starting with the largest galaxies, the giant ellipticals have 12+log(O=H) = 9:1 and a total mass proportions we get a nal mass weighted mean metallicity in galaxies of 12 + log(O=H) ' 8:9.
We should then add in the gas lost (completely?) from dwarf ellipticals and that lost from giant ellipticals into the intra-cluster medium. We assume that intergalactic gas clouds make a negligible contribution to the present day baryon density (see eg. Briggs 1990 , Ho man 1994 . These may be very important at high z, of course. We have already allowed for very faint dwarfs with large gas fractions in the galaxies component. From above, these "lost" components have 12 + log(O=H) = 8:6 and 8.4, respectively, and contribute masses (in the same units as before) of 0.15 and 0.32. Including these the overall mean Z becomes 12 + log(O=H) = 8:8. Note that, as should be expected given the di erent weighting, this is considerably higher than the area weighted mean, 12 + log(O=H) = 8:4 found in Paper I.
The grand result of the above for the mass weighted mean is thus the rather Copernican value of 12 + log(O=H) = 8:8, virtually solar. Perhaps such a result should have been expected. For each unit mass of interstellar medium locked up into long lived stars or stellar remnants, by de nition, a yield's worth of heavy elements is produced. If all the baryonic matter had been processed into long lived stars then the overall mass weighted mean abundance would be numerically equal to one yield, or approximately the solar abundance. Our values above imply that the majority ( 2=3) of the baryonic mass of the universe is now in stars, so we should expect the overall abundance to be approaching the yield (cf. Theorem T(11) of the Note Added in Proof in Edmunds (1990) ).
Time Evolution
Having derived an estimate for the current mean metallicity of the universe, an obvious question to ask is how that mean metallicity would have changed with time. A second (more di cult) question is, what metallicity would be observed at di erent epochs? We start with the selfevidently na ive case of all galaxies having exactly the same evolution (or equivalently that we can treat the universe as behaving like a particular`average' galaxy -e ectively that the universe is`well-mixed' in the usual chemical evolution sense). We relax this assumption in section 4.5.
Star Formation History
The observational (and theoretical) evidence on the time evolution of the average rate of star formation in the universe is unfortunately still confused. From measurements of damped Lyman absorption systems in QSO spectra, Lanzetta et al (1995) infer quite rapid early evolution in the total mass in gas in the universe. They suggest that the gas content of these systems (which, at high z, is comparable to the total mass in stars in galaxies today) decreases by a factor 2 between z = 3:5 and z = 2:2 and a further factor 5 by the present (see below). However, the time span for the z = 2:2 ? 3:5 range is only 1/12 of the time since z = 2:2. This implies a mean star formation rate (SFR) roughly 15 times higher in the higher z range, and of course a much larger change (of order a factor 50, at least) compared to the actual current (z = 0) rate. On the other hand, Storrie-Lombardi et al. (1996) using similar data infer much less (in fact consistent with zero) gas consumption at high z. They therefore infer a far smaller overall SFR decline. The variation since z = 2:2 remains the same, though, and is still considerable, a factor of order 10.
From optical galaxy counts and redshift data Lilly et al. (1996) suggest that the (comoving) UV luminosity density has decreased by a factor 16 since z = 1 (ie. (1+z) 4 ). At somewhat lower z 0:5, Ellis et al. (1996) nd that the luminosity density of star forming galaxies (and by inference the mean star formation rate) has changed by only a factor 2 (or (1 + z) 2 ).
Using Far-UV measurements Sasseen et al. (1995) (Lacey et al. 1993; Kau mann 1996) to 60 (Katz 1992) , between now and z ' 3.
We therefore choose three possible types of models for the mean star formation rate in the Universe. In the rst the star formation rate has been constant, ds=dt = k, since galaxies "formed" (i.e. since signi cant star formation started). In the second the rate has decreased exponentially, ie. ds=dt = k exp(?t= ), where t = 0 represents the start of galaxy formation (at some redshift z f ) and t = 1 is the present time. In the third, represented by ds=dt = k t exp(?t= ), the star formation rate has a broad maximum at a moderate redshift (around 1 to 2).
The rst of these time evolution models is suggested by observations within our Galaxy (see, eg., Pagel 1997 and references therein) and is (perhaps surprisingly) not inconsistent with a simple estimate of the ratio of present to past average SFR of the universe as a whole. The past average is roughly the current mass density in stars (and remnants) divided by the age of the universe. (Gallego et al. 1996) . Of course, M=L could be higher, but probably not by more than a factor 2 (eg., Edmunds 1992 , Bristow & Phillipps 1994 , and references therein); we would not expect the mean stellar M=L over all galaxy types to exceeed that seen in ellipticals (' 4), for instance.
In the exponential model we assume a mean (global) value of = 0:3, which implies a current rate of star formation in the Universe which is 1/8 of its past average rate, and about 1/27 of its peak value. For a fairly high z f this is consistent with the typically quoted luminosity evolution of galaxies of various sorts around (1 + z) 3 (see references in Pearson & Rowan-Robinson 1996 ; see also Lilly 1997) .
For a smoothly (and modestly) peaked SFR of the type suggested by the semi-analytic galaxy formation models of Cole et al. (1994 ), Heyl et al. (1995 ) and Baugh et al. (1997 , we choose to parameterise the SFR through the simple tting function t exp(?t= ), with = 0:25. This gives quite a good t to the observational results of Madau (1996; see also Madau et al. 1996) based on the (rest frame) far-UV luminosity function derived from observations of "Lyman break" galaxies in the Hubble Deep Field, and the Lilly et al. (1996) results at lower z (cf. the summary of the data in Baugh et al. 1997, gure 16) .
Evolution in all the models is to a xed gas fraction of 10%. Although our overall gas fraction in the previous section is higher than this, 10% represents a reasonable average gure for the gas in galaxies. In any case, the calculations below are rather insensitive to the exact value of this parameter. With these assumptions it is easy to plot the total mass of heavy elements in the universe (per unit baryon mass) as a function of time or redshift. When stars are formed, heavy elements are inevitably produced by supernovae, and we assume an invariant initial mass function and no abundance dependence of yield on the initial composition of supernova progenitors. It might be interesting to relax either of these assumptions if and when there is su cient empirical evidence to justify abandoning the simplest assumptions. To map redshift to time we will assume an Einstein-de Sitter cosmology ( = 1), ie. t = 1=(1 + z) The total mass of heavy elements in the universe, Z tot , is given by integrating the star formation rate equation times the yield. The yield p 0 is the mass of heavy elements produced, and almost immediately released into the interstellar medium, per unit mass of gas turned into stars. Of this mass turned into stars a fraction remains in long-lived stars or remnants, so with p = p 0 = , we have either Z tot =p = s = (1 ? f)t; Z tot =p = s = (1 ? f)(1 ? e ?t= )=(1 ? e 1= ); or Z tot =p = s = (1 ? f)(1 ? (1 + t= )e ?t= )=(1 ? (1 + 1= )e ?1= ) in our three cases. Here we have applied the boundary condition s = 0 at t = 0 and required that the total mass of the system (gas plus stars) is unity at t = 1, when the gas fraction is f. We note that although we refer to Z tot as the total mass of heavy elements in the universe, it does not actually include freshly synthesised material that is immediately incorporated into very longlived stellar remnants (ie. neutron stars or black holes). Since this material is never released, its omission is unimportant for what follows. These functions Z tot =p are shown in Figure 1 for an assumed start of galaxy formation at z f = 3, 5 and 10. What is perhaps remarkable is the narrowness of the distribution between the three quite di erent cases of star formation history. For models of a given z f , the spread is less than 1 dex at any redshift (apart from immediately after z f ). Note, too, that at moderately recent times (say z < 1:5) even the formation epoch has a fairly small e ect and all the models give similar metallicities , within ' 0:5 dex. Basically, the majority of gas turned to stars before z 1, so relatively little chemical enrichment has taken place recently in any of the models. It should be emphasised, though, that this is what is there and not, neccessarily, what is seen. An alternative approach (Timmes et al. 1995) is to predict element abundances (and ratios) by assuming that the abundance -time relation must be the same for absorption line systems as for the local Galactic disk. Such an approach has the advantages of minimum assumptions, but does not allow the possibility of di erent gas ow and star formation histories for individual absorbers, as discussed in the subsequent sections.
What is Seen at a Given Redshift?
Tracing back from the global mass of metals (which at t = 1 should correspond to the roughly solar abundance of section 3 above) to what may be seen by observation, requires a chemical evolution model. We expect that globally the Universe will be a closed box (irrespective of ), but it will not be well mixed, the other standard assumption of the`simple' model, Thus the regions we observe -for example as gas in galaxies or Lyman clouds -may well be regions into or out of which gas ows. Note in what follows that while Z tot is a mass, Z s , Z i and Z o are heavy element gas mass fractions or abundances. It can be shown ) that arbitary out ow will always decrease gas phase abundances at a given redshift (for a given time evolution of the star formation rate), and that in ow models can either increase or decrease the gas phase abundances at a given redshift -provided we are evolving models to the same nal galaxy mass and gas fraction (as explained below). For the rest of this paper we make the simpler assumption of a "linear" in ow or out ow whose rate is just proportional to the star formation rate. In this we follow Pei & Fall (1995) and others, but with a somewhat di erent interpretation.
In all cases our procedure is to evolve to unit mass in galaxies at t = 1, with 10% of this mass being gas. Out ow or in ow models have an initial gas mass M (where M > 1 for out ow, < 1 for in ow) and then lose or gain mass to or from an intergalactic medium (or some other "unobserved" region). There is thus a slight (but probably unimportant) technical di erence between our approach and that of Pei & Fall (1995) , as they e ectively start their in ow and out ow models with unit mass, rather than evolving to it.
For "linear" out ow or in ow, the ow rate is assumed to be a multiple, or , of the star formation rate. We then have = = (M ?1)=(1?f) or = = (1?M)=(1?f), respectively. As usual is the fraction of the mass of any generation of stars which is "locked-up" in long lived remnants (ie. is not recycled). The gas heavy element abundance or fractional metal abundance by mass is then given by for the in ow. The time evolution is given by substituting the relevant s (ie. for the constant, exponentially declining or peaked star formation rate models above). Examples of the global average gas metallicity evolution, Z=p, in galaxies (for closed box, in ow or out ow models) are shown in Figures 2a, b and c, for our three cases of constant, exponentially decreasing and peaked star formation rates, respectively, each with galaxy formation at z f = 5. Similar plots are repeated for z f = 3 and 10 in Figures 3a,b,c. Figures 2 and 3 may be interpreted in two ways. They represent either (i) the evolution of the mean gas phase abundance in galaxies, if all galaxies shared a common gas ow history, or (ii) the evolution of the gas phase abundance in an individual galaxy which is evolving exactly at the mean rate of star formation in the Universe.
It is clear from these gures that a wide range of mean gas abundance in galaxies is possible at moderate redshifts, depending on the details of the gas ows (i.e. the mechanisms of galaxy formation), despite the fact that the total metal production is very similar in all cases. That is, we can have a fairly wide range of gas abundance behaviour for a xed amount of star formation. The "linear" in ow (upper curves) tends to keep the gas abundances much more constant than the prediction of the closed box model. Since in ow might be thought to be the most likely evolution for individual systems (except, perhaps, for some phases of elliptical and dwarf spheroidal galaxy evolution), the gures imply a comparatively modest evolution of mean gas phase abundances in recent epochs. We will also see less apparent evolution in the gas than in the total global metallicity (Figure 1 and the broken curves in Figures 2 and 3) . The evolution is also very dependent (beyond z 1:5) on the redshift at which galaxy formation started (see gure 3).
Observational Constraints
The obvious next question is whether any existing age { metallicity data can constrain the possible models. Taking Figure 2a as an example, we can see that the observational data on the disk of our ] would extrapolate to a value close to the mean value seen by Pettini et al. (1994, 1996) in their QSO absorbers lower hexagon, plotted at the mean redshift of their sample]. This is especially so if we take the upward correction suggested in Paper I to account for the di erence betwen area weighted and mass weighted means upper hexagon 5 ]. This gives us some con dence that both types of data are measuring the evolution of similar quantities and/or systems, presumably implying that the damped Lyman absorbers are discs in formation. Note though that Lanzetta et al. (1995) suggest that they include proto-spheroids (see also Lu et al. 1997) .
It is evident that the data would favour "mild in ow" models in this case (of constant SFR since z f = 5). The best t model has a nal mass approximately 1.5 times the initial mass, ie. = ' 0:33 or ' 0:25 for a typical around 0.8. Generous allowance for possible errors in the data (say 0:2 dex) would allow either the closed box ( = 0) or a larger in ow rate ( = ' 0:6).
If, instead, we look at gure 2b (exponentially declining SFR), then we clearly switch to the out ow regime. The closed box and, especially, the in ow quickly build up high metallicities, above those observed, because of the high early SFR. The best t is for a nal mass about 1/3 4 They assume a disk age of 12 Gyr and we omit their earliest point, which is probably in uenced by the migration of star orbits from regions where the star formation history may have been di erent from that in the local region.
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As emphasised to us by M. Fall, by weighting the metallicities of the absorbers by their column densities, one can in principle obtain the mass weighted mean (at least of detectable systems) directly from the area selected data. However with the small number statistics so far available, this actually makes no di erence (M. Pettini, private communication; see Pettini et al. 1994) . The spread in values in the Pettini et al. samples was discussed in Paper I. the initial one, corresponding to = ' 2:2. The same error spread as assumed above would allow = somewhere in the range roughly 1.1 to 3.3. Interpolating between these models it is evident that a closed box model can be made to t if we choose a suitable SFR evolution, for instance an exponential with a time constant around 0.6 (which gives an increase in SFR of only a factor 3 or so at z ' 1). Figure 2c , the peaked star formation history has a behaviour rather like that of the constant SFR model, in that it also requires modest in ow. Of course it builds up its metals more slowly initially, and it may perhaps have too rapid an enrichment at intermediate z compared to the data.
Going on to gure 3, it is clear that the same general conclusions hold, though less infall (or more out ow) is needed for the early, z f = 10, formation and more infall (or less out ow) for the late, z f = 3, formation, in the constant/peaked (or declining) SFR models. Indeed, the peaked SFR is quite a good t with no infall if z f = 10.
Numerous authors have discussed out ow in the context of elliptical galaxies (eg. Mould 1984 , Dekel & Silk 1986 , but this would certainly not be in accord with general conceptions of how spiral galaxies should form (see, eg., Eggen, Lynden-Bell & Sandage 1962 through to Baugh, Cole & Frenk 1996) . We thus conclude that if the metallicity evolution data shown in the gures is typical then spiral discs can not have had a signi cantly higher past average SFR than the present value. This is in agreement with the most recent semi-analytic models of galaxy formation (Baugh et al. 1997 ) and the observations of Gallego et al. (1996) noted earlier. One should note, though, that this does not necessarily constrain the total global SFR, since one could imagine models where most of the star formation at early times took place in non-spiral galaxies whose Z evolution is not known directly (except in as much as they contribute to the damped Lyman systems, see below).
Notice that our gas phase abundance evolution looks di erent to that shown by Pei & Fall (1995) , even though we both x the yield to give solar abundances at the present epoch, either in the gas (Pei & Fall) or the universe as a whole (here). This is primarily because they have constrained their models by adopting a gas mass evolution derived from the damped Lyman system observations, while we have constrained ours via star formation histories. We consider the gas consumption further in section 4.5.
Furthermore, realistically, individual galaxies will have di erent rates of evolution, and we treat this problem below, too. To say anything de nitive about damped Lyman systems, for instance, will require more detailed modelling in order to be certain what we are looking at (e.g. inner parts of galaxies into which gas is owing, or outer parts with out ow, or vice versa). In particular we must realise that, contrary to simple assumptions, the mapping of redshift evolution of gas phase metal abundance onto star formation rate is not direct or one-to-one; recall that all the curves on any of the panels in Figure 2 or Figure 3 have exactly the same star formation history. More (and di erent) data are required to tie down models when in ow and out ow are allowed, in order to break the degeneracy in star formation history.
Dust
Consider rst the dust content. The amount of dust in galaxies is crucial in generating their farinfrared luminosities (eg. Eales & Edmunds 1996) , and is of great importance for studies of the far infra-red (FIR) and mm backgrounds. A basic estimate of the dust mass in the interstellar medium can be made by taking the product of gas metallicity, Z, and gas mass, g(s), and assuming that the dust mass is a xed fraction of the interstellar heavy element mass. Detailed models are discussed elsewhere (Eales & Edmunds 1997 ) and the observational situation for quasar absorbers is summarised by Pettini et al. (1996) . We simply note here the interesting result that this product Zg (for the whole universe) peaks quite late in simple closed-box models. Examples of the global evolution for linear ows are shown in gure 4 for the exponential star formation rate model (which obviously gives earlier peaks than the constant SFR or recently peaked models), and formation redshift z f = 5. The relatively slow global evolution { especially with in ow { may be important for the overall backgrounds, but the known existence of very strong mm and FIR emitting galaxies at high z implies that these particular galaxies must be evolving at a much faster rate than the average. Figure 5 shows the evolution of just the closed box models but for our di erent SFR models and galaxy formation epochs, simply to illustrate that the late peak is hard to escape. Protracted in ow (lower curve in Figure 4 ) is the only case which appears capable of giving reasonably constant dust mass (and hence FIR and mm emission) and so might be observationally distinguishable.
Decomposing the Global Evolution
In reality di erent morphological types of galaxy show evidence for di ering rates of evolution (see eg. Guiderdoni & Rocca-Volmerange 1987) and we should ask whether such variation still ts within our global picture. This is especially important in understanding both what is observed in absorption line systems and how to incorporate constraints from the apparent changes in gas density with epoch.
As a simple example (there could be many alternative schemes), we look at the following model. We assume that all ellipticals and spheroids follow the exponential fall in SFR, but with a very rapid early decline, = 0:1 (ie. evolution on a time scale of order 1Gy), starting from z f = 10. Discs have slowly declining exponential SFRs ( = 0:5) and z f = 4 (a peaked SFR with the maximum around z = 4 gives similar results). The irregulars do not begin to form signi cant numbers of stars until z = 2 and decline quickly in SFR thereafter ( = 0:1), in line with the rapid evolution of irregulars seen in HST data (eg. Driver, Windhorst & Gri ths 1995) . The composite model has 30% of its baryonic mass in ellipticals, the rest being divided 2/3 in spirals, 1/3 in irregulars, consistent with observations summarised in section 3. The spirals are evolved to f = 0:1, the irregulars to f = 0:2. Assuming a negligible current gas fraction in ellipticals, this gives an overall f close to 10% as used in the global models. With these assumptions we obtain the evolution of the total metal mass Z tot shown in Figure 6 . As can be seen, this more complex model still lies in the range expected from the global models (cf. Figure 1 for z f = 10) . Indeed, it is quite close to the upper limits (at given z) because of the rapid enrichment of a signi cant fraction of the galaxy mass (ie. that contained in ellipticals).
To calculate what would be observed by studies of the gas density such as those of Lanzetta et al. (1995) and Storrie-Lombardi et al. (1996) , we assume that the gas consumption in the ellipticals and other spheroids is su ciently fast that very little gas remains in these systems. In particular they drop below the column density limits for detection shortly after their formation (cf. the models of Franceschini & Gratton (1997) and Kheronsky & Turnshek (1996) ; it is also tempting to identify the possible high metallicity z = 4:67 system reported by Wampler et al. (1996) with such early forming objects). The spiral disks (and irregular galaxies, depending on their total column densities) should be observable, and lines showing their gas phase metallicities are shown on gure 7. We assume for the purposes of the gure a closed box evolution for each type separately. The hexagons again represent the mean values from the Pettini et al. (1994) damped Lyman systems, repeated from gure 2.
The evolution of gas mass in this model, compared with the deduced HI mass in the Ly systems, from Lanzetta et al. (1995) and Storrie-Lombardi et al. (1996) , is illustrated in gure 8. The error bars on each point are typically 0:2 to 0.3 dex. The comparison assumes that it is essentially the evolution of spiral discs and irregulars which is probed by absorption line studies at z < 4. Points for the total baryon density now in galaxies (taken to be 0.002), which would have been all in the gas at high z, and the current gas density (0.0002 or, again 10% of the total) are also shown.
The model follows the decline in the HI density reasonably well and predicts an average increase of gas phase metallicity from ' 10 ?2 solar at z ' 4 to ' 10 ?1 at z ' 2:5 and 10 ?0:5 at z ' 1:5. This appears to be consistent with the data for a limited range of redshift presented by Pettini et al. (1994) . A similar slope is also found by Lu et al. (1997) , over a wider z range, though their abundances appear systematically lower than those of Pettini et al. We do not match the fact that the present day gas phase mass weighted abundance in galaxies calculated in section 3 is slightly lower than the mean total metallicity 6 because we have evolved to a lower gas fraction than the earlier calculation assumed. At intermediate z, when the gas fraction was higher, the total metallicity did exceed that in the gas. The stars and metals were then mainly in the ellipticals and the gas almost entirely in the spirals and irregulars.
It is evident from gure 7 and 8 that our models of chemical evolution can be forced to t the evolution of gas mass as inferred from Lyman systems. Pei & Fall (1995) also meet this requirement with their models. We caution slightly, though, about being too insistent on exact agreement until the observational uncertainties (such as the disagreement on the gas mass at the highest redshifts between Lanzetta et al. and Storrie-Lombardi et al.) are sorted out. Milder evolution may remain a possibility. Nevertheless, as things stand, both we and Pei & 6 This is formally impossible for "global" linear ow models, but is possible in the more complex model, since the separation into ellipticals, spirals and irregulars breaks the "perfect mixing" assumption.
Fall have something to hide. No simple global SFR model can match the gas metallicity and gas density evolution simultaneously (see the broken curves in gure 8 and recall that even = 0:3 is only possible with out ow, an unlikely circumstance for the Ly systems unless they really are spheroids or dwarf ellipticals as suggested by Lu et al. 1996) . Our composite models essentially disregard the e ect of fast evolving ellipticals on the gas phase observations because the low remaining gas fraction may be very hard to detect (though of course the ellipticals still contribute to the global total metallicity evolution; gure 6). Pei & Fall remove their high metallicity systems by shrouding them in dust (thus hiding any background quasar which might have shone through the absorbing cloud), arguing, reasonably, for higher dust content in high metallicity systems. However, see Shaver et al. (1996) for a contrary view -based on radio quasars -that extinction is not important. We might also note that for the column density limit of 2 10 20 cm ?3 for damped Lyman alpha systems an interstellar medium like that in our Galaxy would have an optical depth of only 0.2 (Burstein & Heiles 1978) .
As we have repeated several times, the evolution of metallicity in quasar absorption clouds depends on what exactly is being looked at, in terms of the gas ow and star formation history of the relevant regions. More detailed modelling will be very interesting but is beyond the scope of the present paper. We will consider this further in future publications.
Conclusions
The mass weighted mean metal abundance in the present day universe is approximately solar, or just a little below (12+log(O=H) = 8:8). Studies of the variation of abundances with redshift indicate that the total metal content of the universe may be constrained within fairly well de ned limits. However, what is actually observed at any particular redshift will depend critically on which regions of galaxies are sampled and on the formation mechanism (primarily the gas ow history) of those regions.
Adding further constraints, we nd that no simple global SFR history can simultaneously account for the evolution of both the metallicity and the mass of Lyman absorbers. A consistent picture can be constructed, though, by assuming that the apparent observed gas mass history of the universe follows the evolution of discs after an initial rapid formation of ellipticals. However, chemical evidence does not require that the global average star formation rate should have decreased by a large factor since galaxy formation began. This seems to be in agreement with the latest generation of galaxy formation models. We would emphasise that throughout we have assumed a constant 'yield' of heavy elements, though it remains possible that we may eventually be forced away from this view. Figure 2 . a The evolution with redshift of the gas phase metallicity, again in units of the yield, for typical out ow (lower), simple (middle) and typical in ow (upper) models with constant SFRs. In the in ow (out ow) models the galaxy starts with a mass 5 times smaller (larger) than its nal mass. The broken line, from gure 1, can be taken to represent either the total mass of heavy elements or the integrated stellar mass (suitably normalized). A galaxy formation redshift of 5 is assumed. The individual squares represent observational data for our Galaxy from Edvardsson et al. (1993) , while the joined hexagons give the mean value found from damped Lyman alpha systems (Pettini et al. 1994) , and its approximate correction (0.4 dex upwards) for the di erence between mass weighted and area weighted means Paper I). (1996) (triangles). The errors on each point are typically 0:2 or 0.3 dex. Note that the curve beyond z = 5 merely indicates the original gas density (at z = 10) for our model, not the actual form of the evolution. Points for the total baryon density (equal to the gas density at high z) and the current gas density are also shown (hexagons). Broken curves indicate global models, showing the generic inability of such models (which can match the metallicity evolution) to simultaneously account for the observed gas consumption. The speci c curves shown are for closed box models with constant (upper) or declining ( = 0:3; lower) SFRs since z f = 5.
